Background-Incremental threshold loading (ITL) is a test of inspiratory muscle performance which is usually performed by breathing through a weighted inspiratory plunger, the load on the inspiratory muscles being increased by externally adding weights to the intake valve. This is not a true threshold device and may be inaccurate. This method was compared with a true threshold device consisting of a solenoid valve which only opens to supply air at a predetermined negative mouth pressure. Methods-Six naive, normal subjects (three men and three women) aged 22-24 years underwent three tests using each system. The inspiratory loads were increased every minute by equivalent
Background-Incremental threshold loading (ITL) is a test of inspiratory muscle performance which is usually performed by breathing through a weighted inspiratory plunger, the load on the inspiratory muscles being increased by externally adding weights to the intake valve. This is not a true threshold device and may be inaccurate. This method was compared with a true threshold device consisting of a solenoid valve which only opens to supply air at a predetermined negative mouth pressure. Methods-Six naive, normal subjects (three men and three women) aged 22-24 years underwent three tests using each system. The inspiratory loads were increased every minute by equivalent amounts, -10 cm H,O with the solenoid valve and by 50 g with the weighted plunger, until the subjects could not inspire or sustain inspiration for a full minute. Six experienced subjects (four men and two women) aged 23-41 years were subsequently randomised to perform ITL with the solenoid valve, twice with the breathing pattern fixed and twice free. Results-The solenoid valve generated a more accurate mouth pressure response and was less variable at higher loads than the weighted plunger. The work performed (expressed as the pressure-time product) was less with the solenoid valve but was more reproducible. ITL with the solenoid valve was not influenced by controlling the breathing pattern of the subjects. Conclusions-The solenoid valve has several features that make it superior to the weighted plunger as a device for ITL.
It generates a more accurate mouth pressure response which is less variable at higher loads. Increases in load are smoother and quicker to introduce. ITL with the solenoid valve is not influenced by varying breathing patterns and does not require any external regulation. (Thorax 1993; 48:354-359) Respiratory muscle performance can be assessed in terms of strength and endurance.
Strength can be measured as the maximum inspiratory and expiratory mouth pressures' but measurement of respiratory muscle endurance is more difficult and cannot be inferred from measurements of strength. Three types of endurance tests are commonly used: maximum voluntary ventilation, resistive loading, and inspiratory threshold loading.2-Maximum voluntary ventilation is influenced by subject coordination, volition, and pulmonary mechanics as well as by respiratory muscle endurance. Since the role of the respiratory muscles is to generate pressure, techniques relating mouth pressures to resistances have been developed. It is possible to examine the endurance time for a particular load or to determine what maximum load can be tolerated for a specific time. Various resistive devices have been developed of which one of the most widely used is the weighted inspiratory plunger developed by Nickerson and Keens.4 A problem with all these devices is that the alteration of breathing pattern may influence measurement of respiratory muscle endurance. 5 Fixing respiratory rate and generation of breath by breath pressure makes these tests cumbersome.
Martyn and colleagues, using the weighted inspiratory plunger, described a progressive incremental test in which inspiratory loads were increased every two minutes.6 They found incremental threshold loading (ITL) with this device, as with a progressive incremental exercise test, to be a simple and reproducible test of respiratory muscle performance which was uninfluenced by fixing breathing frequency. McElvaney and colleagues found that ITL with the weighted plunger was a more reproducible test of respiratory muscle performance than the endurance time for which a maximum load could be tolerated.7 The weighted inspiratory plunger is, however, not strictly a true threshold device and we have been concerned about both its accuracy and reproducibility. We have developed a true threshold device consisting of a solenoid valve which opens rapidly and completely to supply air only at a predetermined negative mouth pressure. We have compared our system of ITL with the weighted inspiratory plunger as modified by Martyn and colleagues6 and have examined the influence of varying breathing patterns on the performance of subjects with the solenoid valve. 
Methods

WEIGHTED INSPIRATORY PLUNGER
The device consists of a plunger mounted over a large aperture (fig 1) . The area of the plunger orifice at the point of contact, the "O ring" is 4 9 cm.2 The plunger is mounted on a low friction bearing which allows it to rise to supply air when the pressure in the chamber, the threshold pressure (Pth), falls below atmospheric pressure by the amount M x gIA where M is the mass of the plunger, g is the gravitational constant, and A is the area of the aperture. The negative pressure required to lift the plunger can be increased, without disrupting the system, by externally adding 50 g weights, equivalent to an increase in Pth of-10 cm H2O.
SOLENOID VALVE DEVICE
The solenoid device consists of a wide bore 24 V DC solenoid valve which opens rapidly and completely when the required negative mouth pressure is achieved (opening time 28 ms and resistance 8 Pa/l/min measured at a flow rate of 100 I/min), closing on expiration ( fig 2) . The Pth can be selected on a digital display. A transducer amplifier (Gould model 13-4615-50) and P50 transducer were used to monitor the pressure in the mouthpiece. The output from the amplifier was fed into a display/alarm module (Gould model 13-4611-12). On inspiration when the mouth pressure reaches the value set on the low alarm control an internal relay is actuated, connecting 24 V from a Farnell L30 power supply to the solenoid valve via a latching circuit so holding the solenoid open. During expiration pressure in the mouthpiece rises, triggering the high pressure alarm which resets the latching circuit and closes the valve.
EXPERIMENTAL PROTOCOL
Comparison of the solenoid valve and weighted plunger Six naive, healthy, normal, non-smoking subjects (three men and three women) aged 22-24 years with vital capacity (VC) 3.4-5.3 1 and maximum inspiratory pressure (Pimax) 95-140 cm H2O took part in the study. After giving informed consent subjects were seated in a hard backed chair, asked to wear a noseclip and to breathe through a mouthpiece. Inspiratory muscle strength was measured as Pimax recorded during a maximal inspiration from residual volume by a modification of the method described by Black and Hyatt.' The peak inspiratory mouth pressure sustained for one second was recorded and the best of three attempts taken.
All subjects underwent six tests on separate days and were randomised to perform incremental threshold loading three times with the plunger followed by three times with the solenoid valve or vice versa. Subjects started at an equivalent low inspiratory load: a Pth of -5 cm H2O with the solenoid valve and no added weights on the plunger (weight 25 g). The load on the inspiratory muscles was then increased every minute either by 50 g with the weighted plunger or by -10 cm H,O with the solenoid valve until the subjects could no longer inspire or sustain the load for a full minute. The tests finished when the subject was unable to reach the Pth. Pth (cm H20) Figure 5 Work performed by the inspiratory muscles expressed as the pressure-timi product (Pdt) plotted against the threshold pressure (Pth) for all the tests with bot) systems. Linear regression lines have been drawn (p< 0-05 for both the solenoid va weighted plunger). The increases in applied load with the solenoid device were smoother, quicker to perform, and more acceptable to the subject.
The pressure-time product, an index of the oxygen cost of breathing9 and external work performed by the inspiratory muscles, increased more steeply with the weighted plunger than the solenoid valve but both systems produced regular increments in the work performed. The pressure-time product at the end of the tests was substantially more with the plunger, a reflection of the extra work required for the inspiratory muscles to keep the plunger lifted throughout inspiration. At the end of the tests both Ti and TIVTTOT were greater with the weighted plunger than with the solenoid valve. There was an evident learning effect as subjects became familiar with both pieces of apparatus. The learning effect was more noticeable between the first and second tests with each device. After one practice ITL run both systems gave reproducible results regarding the duration of the tests, peak mouth pressure achieved, and total external work performed by the inspiratory muscles. The external work performed by the end of the tests was more reproducible with the solenoid valve than with the weighted plunger.
By starting with low loads during ITL subjects may develop breathing strategies to enable them to tolerate higher loads. This may interfere with the reproducibility of the test and interpretation of results, particularly when assessing the result of an intervention such as inspiratory muscle training. The strategies adopted during ITL with the two devices in this study were clearly different. With increasing loads on the weighted plunger subjects tended to prolong inspiratory time and to lengthen the duty cycle while breathing frequency tended not to change. With the solenoid valve subjects tended to slow their breathing frequency but not alter inspiratory time to limit the increase in the pressure-time product. We have shown that the performance of subjects during ITL runs with the solenoid valve is not significantly altered when both breathing frequency and inspiratory time are fixed, implying that varying breathing patterns are relatively unimportant to the reproducibility of the test. This means that ITL with the solenoid valve does not need any external regulation, so simplifying the test.
With both the weighted plunger and solenoid valve there was a clear endpoint to the tests. Most subjects complained of dyspnoea, a suffocating sensation, and pain in the neck and shoulders at the end of the test. Most felt hot and tired but recovered within a few minutes of resting. There was no qualitative or quantitative difference in these sensations between the systems.
Many authors relate inspiratory muscle endurance to fatigue. These tests may have been limited by respiratory muscle fatigue but we did not look specifically for this. It is likely to have occurred, however, as respiratory muscle fatigue has been shown to occur during the application of loads of 60-75% of those producing Pimax.'0 In our series of ITL runs the final mouth pressure achieved, particularly with the solenoid valve, was usually well above this value. The tests were probably also limited by motivation. No encouragement was given but competition between subjects was encouraged. The limit to the performance of the test may be due to subjects reaching the capacity of their inspiratory muscles or the limit of their tolerance to the unpleasant sensations associated with loading of the ventilatory muscles. Whatever the limiting factor(s) the endpoint of the tests with both systems was reproducible.
In conclusion, ITL is a simple and reproducible test of inspiratory muscle performance. The solenoid valve has several features which make it superior to the weighted inspiratory plunger. It generates a more accurate mouth pressure response and is less variable at higher loads. The increases in load are smoother and quicker to introduce. ITL with the solenoid valve is not influenced by varying breathing strategies and does not need any external regulation.
